The outer scale of turbulence in the solar wind has been estimated from frequency fluctuation data recorded during radio sounding experiments using the Galileo and Ulysses spacecraft carrier signals at 2295 MHz. The outer scale was observed to increase approximately linearly with increasing heliocentric distance in the range between 7 and 80 R ¬ . A model is presented here for the formation and evolution of the turbulence outer scale. The model is based on the assumption that the density fluctuations are caused by nonlinear interactions of Alfvén waves and that the rates of linear and nonlinear processes are nearly equal in the spectral range near the inverse outer scale. The dependence of the turbulence outer scale on heliocentric distance and local plasma parameters is investigated for three possible nonlinear wave coupling mechanisms: strong interactions (Kolmogorov turbulence), three-wave interactions (Kraichnan turbulence), and four-wave interactions. Comparisons of the model with the observations indicate that the three-wave decay processes with participation of both Alfvén and magnetosonic waves are the main type of nonlinear interactions in the inertial range of the turbulence power spectra.
INTRODUCTION
The properties of the solar wind's outer scale of turbulence, particularly its dependence on heliocentric distance and local plasma parameters, have not been studied sufficiently, especially for the inner solar wind. Moreover, the outer scale of turbulence, in addition to its significance for the problem of solar wind formation and evolution, is a crucially important parameter for the physics of turbulence itself. A model of the formation and evolution of the density turbulence outer scale in the inner solar wind is developed here and compared with observational data obtained during radio occultation experiments with the Galileo and Ulysses spacecraft.
OBSERVATIONAL RESULTS
The density turbulence outer scale makes itself apparent, for example, in long, uninterrupted intervals of frequency fluctuation measurements. The specific data discussed here were obtained in 1995/1996 using the Galileo and Ulysses spacecraft carrier signals at the frequency 2295 MHz. Temporal power spectra were calculated for frequency fluctuations recorded by ground-based tracking stations during solar conjunction for solar ray path proximate points in the range of heliocentric distances between 7 and 80 R ¬ (R ¬ = solar radius). Frequency fluctuation power spectra, an example of which is shown in Fig. 1 , generally display a clearly defined peak at temporal frequencies ν max ³ 0.1 mHz and fall off beyond this frequency with an index α f (inertial range). These peaks have been interpreted as a manifestation of the density turbulence outer scale in the outward-flowing solar wind plasma. The peak associated with the turbulence outer scale is much more pronounced in the frequency fluctuation spectra than, for example, in quasi 2D-spectra for the phase fluctuations or the quasi 1D-spectra for in situ measurements, because the instantaneous frequency is equal to the time derivative of the radio wave phase (Armand et al., 1987) .
Values of the density turbulence outer scale L o were estimated from the relation L o Õ 2 α f v c ν max , with the solar wind convection velocity v c determined from a cross-correlation analysis of frequency fluctuations measured simultaneously at two widely-spaced ground stations (Bird et al., 2002) . As illustrated in Fig. 2 , it was found that the turbulence outer scale L o´R µ increases with increasing heliocentric distance R of the radio ray path proximate point.
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FORMATION MECHANISM OF THE TURBULENCE OUTER SCALE
We now consider a possible formation mechanism for the turbulence outer scale in the outward flowing nonuniform solar wind plasma. We assume that: (a) the main energy-containing disturbances are Alfvén waves, generated initially at the coronal base and propagating away from the Sun, and (b) density fluctuations are associated with magnetosonic waves excited locally by nonlinear Alfvén wave interactions. The propagation of Alfvén waves can be described by the following equation (Tu and Marsch, 1995) :
where W k is the spectral density of the 1D Alfvén wave power spectrum, k is the wavenumber, and v c and v a are the solar wind convection speed and Alfvén speed, respectively. The left-hand side of Eq. (1) (Chashei and Shishov, 1985) . In the model considered here, we represent the turbulence power spectrum by a broken power law:
where C is the structure constant, γ is an initial (shallow) power exponent, and the power exponent α´α γµ is defined by the k-dependence of the cascading function F k (see Fig. 3 ). The exponent α is related to the index α f of the frequency fluctuation spectrum (previous section) by α α f · 1. Because the spectral range k k o serves as an energy source for the spectral energy flux and for the turbulence at k k o , the value of k o shifts to lower k with increasing distance from the Sun. The cascading function F k can be specified in the following form:
where ε const 0 1 (Tu and Marsch, 1995), and B is the local ambient magnetic field strength. The values of the power exponent n in Eq. (3) and the corresponding values of the inertial spectral range power exponents α in Eq. (2), as obtained from dimensional analysis, are equal to: n n 1 1 2 α α 1 5 3 n n 2 1 α α 2 3 2 n n 3 2 α α 3 4 3 (4) The index n 1 1 2 corresponds to the Kolmogorov spectrum with strong turbulence (Tu and Marsch, 1995) . The cases n 2 1 and n 3 2 apply to the weak threewave (Kraichnan spectrum) and weak four-wave interactions, respectively (Chashei and Shishov, 1977) .
OUTER SCALE DEPENDENCE ON HELIOCENTRIC DISTANCE AND LOCAL PLASMA PARAMETERS
Assuming that the typical rates of linear and nonlinear processes are equal, we find the following radial dependence for the turbulence outer scale in the developed solar wind (where v c const, B R 2 , v a R 1 , and, as follows from the WKB approach, C R 3 ):
with
where the indicies 1,2,3 are related to the corresponding cascading functions given by Eqs. (3) and (4) . Similarly, we can find the dependence of L o on local plasma parameters. This can be reduced to the dependence of L o on the solar wind speed v c if we assume that the solar wind acceleration is associated mainly with the Alfvén waves and the solar wind mass flux density is approximately constant at a fixed distance R. We then have:
COMPARISON WITH OBSERVATIONS
We now compare the radial dependence of the turbulence outer scale predicted by the models with the Galileo observations presented in Fig. 2 . It is found that γ 1 7 4, γ 2 3 4, and γ 3 1 4. As known from in situ measurements of magnetic field fluctuations near R = 1 AU (Matthaeus and Goldstein, 1986) , as well as from Faraday rotation fluctuations near the Sun (Chashei et al., 2000) , that the low frequency exponent of the power spectra is γ obs 1 (so-called "flicker" spectrum).
A comparison of the above estimates γ 1 2 3 with γ obs 1 shows convincingly that the model with n n 2 1 agrees best with the observed radial dependence of the turbulence outer scale. The estimate γ 1 7 4, in fact, would mean that the turbulence spectrum does not even have an outer scale, because γ 1 7 4 α 1 5 3. Finally, it is noted that the value γ 3 1 4 is reasonable, in principle, but differs rather strongly from the observational value γ obs 1.
Within the framework of our model with n n 2 1, we can use the numerical values of the turbulence outer scale L o to estimate the fractional turbulence level and its dependence on heliocentric distance:
where the right-hand side of Eq. (9) is in reasonably good agreement with the in situ measurements of the Helios spacecraft (Tu and Marsch, 1995) over the radial distances 0.3 AU R 1.0 AU, as well with the radial dependence of C expected from the WKB approach (Belcher and Davis, 1971 ).
CONCLUSIONS
The density turbulence outer scale deduced from the Galileo and Ulysses radio occultation data increases approximately linearly with increasing heliocentric distance.
Comparison of the observed radial dependence of the turbulence outer scale with different versions of the theoretical model for turbulence evolution shows that the Kraichnan type model with n = 1 appears to yield better agreement than the models with n = 1/2 or n = 2. The physical consequences of this fact, as well as comparisons with other observational data, should be considered in more detail in future work.
As follows from the estimate given in Eq. (9) for the Galileo data, the fractional level of turbulence is moderate for the developed low-latitude solar wind in the inner heliosphere, at least for the period of solar activity minimum.
Further studies of the turbulent cascading mechanism could include a more detailed analysis of the parametric dependence of the turbulence outer scale on the solar wind speed. Indeed, the dependence of the outer scale on solar wind speed, L o´vc µ in Eqs. (7) and (8), differs for various cascading mechanisms. For example, L o decreases with increasing solar wind speed v c for the Kolmogorov turbulence with n 1 2, is almost independent of v c for the Kraichnan turbulence with n 1, and increases with increasing v c for the four-wave interactions with n 2 (or for higher-order interactions with n 2).
